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Introduction
Genes for stable R N A species are excellent model systems for the analysis of genome organization and gene expression. Since they are universal cell compo nents and since they have been strongly conserved during evolution their sequence comparison has pro vided a wealth of information on the evolution of macromolecules and of organisms [1 ] .
One of the peculiar features of the organization of stable RN A genes in archaebacteria concerns the high diversity in which these genes are organized on the chromosome. They may be linked in typical eubacterial-type transcriptional units as in extreme halophiles [2, 3] or as in methanogens like Methanobacterium [4, 5] or they may be completely unlinked as in Thermoplasma [4] , Other organisms like Metha nococcus (M.) possess a "mixed" type of rRN A gene organization. In M. vannielii, for example, there are four 16S-23S-5S rRN A operons [6 ] and, in addition, a single "extra" 5S rRN A gene clustered in a tran scriptional unit with seven genes for tR N A [7] , The four operon-linked 5S rRNA genes have an identical sequence which differs considerably from that of the "extra" 5S rRN A gene. The products of both gene types are functional since analysis of 5S rRN A extracted from the ribosomes indicated the presence of the products of both genes.
The high sequence polymorphism within a single genome could be the result of either a lateral gene transfer event, e.g. of the "extra" 5S rRN A gene, or of the independent evolution of the two types of genes after a gene duplication event. To gain infor mation on this interesting question we have analyzed the organization and the primary structure of the 5S rRN A genes from M. voltae, an organism closely related to M. vannielii.
Materials and Methods

Strains and Plasmids
Methanococcus (M.) voltae strain PS (DSM 1537) was obtained from the German Collection of Micro organisms, Göttingen, F. R .G . Chromosomal D N A fragments from M. voltae were cloned into plasmid pUC9. For subcloning, plasmid vector pUC19 was used [8 ] . . Hybridization experiments with D N A and R N A were performed as described by Southern [11] . The modification of Johnson et al. [12] was used to lower unspecific background. DNA-DNA-hybridizations were carried out at 65 °C; for RNA-DNA-hybridizations the conditions were 37 °C and presence of 50% formamide. Detection of recombinant plasmids con taining 5S rRN A genes was by colony hybridization [13] .
DNA sequence analysis
Sequence analysis was carried out by the chemical cleavage method [14, 15] . Alternatively, the chain termination method was used [16] , following the modification of Chen and Seeburg [17] for double stranded D N A . Both D N A strands were sequenced throughout.
Purification of RNA
16 S rR N A and 23 S rRN A were prepared from 30 S and 50 S ribosomal subunits of Methanococcus as outlined by Jarsch et al. [6 ] . 5S rRN A and tR N A were purified from bulk R N A of Methanococcus by electrophoresis in urea/polyacrylamid gels [18] . The separated R N A species were recovered by electro elution. The 5' ends of RN A were labelled with poly nucleotide kinase and [y32P]ATP according to Maniatis et al. [10] .
Results and Discussion
Genomic organization of 5 S rRNA genes in Methanococcus voltae
Chromosomal D N A from M. voltae was digested with the restriction endonucleases £coR I and H in d lll, respectively. The fragments generated were size-separated in agarose gels, transferred to nitro cellulose filters [1 1 ] and hybridized to electrophoretically purified 5S rRN A of M. vannielii, a closely related organism. For each restriction en zyme two D N A fragments were found to hybridize with 5S rRN A , a 4.2 kb and 2.65 kb H in d lll and a 11 kb and 8.5 kb EcoRI fragment (Fig. 1) . The hy- The three H in d lll restriction fragments were cloned into the vector pUC9 and screened by colony hybridization [13] . Positive clones carrying the 4.2 kb H in d lll fragment (pSl), the 2.65 kb H ind lll fragment (pS2) and the weakly hybridizing 5.2 kb fragment (pS3) were obtained.
To determine the genetic organization of the genes cloned, the recombinant plasmids were hybridized to purified 16S, 23S, 5S rR N A and to tR N A from M. vannielii (not shown). The 2.65 kb and the 5.2 kb H in d lll fragments of pS2 and pS3 hybridized with 23S rR N A , the 5.2 kb fragment showed additional hybridization with 16S rRN A and bulk tRNA. No significant 5S hybridization activity could be ob tained with pS3; the weak signal mentioned above is, therefore, most probably caused by a minor contami nation of tR N A in the purified 5S rRNA. The 4.2 kb H in d lll fragment of pS2 hybridized only with 5S rRN A and bulk tRN A.
The organization of ribosomal RN A genes of M. voltae consistent with the plasmid hybridization patterns described is given in Fig. 2a [19] . The two fragments are present in pS2 (5S rRN A gene and 3' half of the 23S rRN A gene) and pS3 (5' half of the 23S rR N A gene and the 16S rRNA gene). A tRN A gene is presumably located in the 23S-16S rRN A intercistronic spacer. In addition to the transcriptional unit for 16S-23S-5S rRN A , M. voltae contains an unlinked 5S rRN A cistron which is carried by pSl. The respective frag ment of pSl also hybridized with bulk tRN A .
The rRN A gene organization of M. voltae deline ated from these results resembled that of M. vannielii [6 ] in that both organisms possess eubacterial type transcriptional units for 16S-23S-5S rRN A and addi tional "extra" 5S rRN A genes; however, in contrast to M. voltae, M. vannielii contains four rR N A operons.
Sequence analysis of the "extra" 5S rRNA gene
A physical map and the sequencing strategy for the 5S rRN A hybridizing part of the H in d lll insert of plasmid p S l are presented in Fig. 2a . The detailed analysis of the D N A sequence revealed the presence of seven tRN A gene-like structures and two com plete 5S rRN A sequences (see Fig. 2a and 3) . The amino acid specificities of the seven tRNAs deduced from the anticodon sequences are: tR N A Thr (U G U ); tR N A Pro (U G G ); tR N A Tyr (G U A ); tR N A Lys (U U U ) and tR N A Asp (GUC).
As shown in Fig. 3 , the sequence block tR N A Lys-5 S rRNA-tRNAAsp and its intercistronic spacers are exactly repeated within the tRNA-5S rRN A cluster. To prove that this structure indeed exists in the chromosomal D N A of M. voltae and is not due to a cloning artifact, rehybridization experiments were carried out. M. voltae chromosomal D N A was di gested with H in d lll and double digested with H in d lll and Aval, respectively, and the fragments were electrophoresed side by side with the respective fragments from plasmid pSl. Hybridization was per formed with the gel-purified Aval fragment, which contains one of the tR N A Lys-5S rRNA-tRNAAsp re peats (results not shown). The H in d lll digest of chromosomal D N A delivered a fragment, which had the same length as the corresponding cloned frag ment. The Hindlll/Aval double digest delivered two genome fragments, one identical to the 3.5 kb Hindlll-Aval fragment and one identical to the 0.38 kb Aval-Aval fragment of the cloned restriction fragment of pSl (see Fig. 2a ). The arrangement of 5S and tR N A genes on plasmid pSl (see Fig. 3 ), therefore, exactly reflects their chromosomal organi zation.
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The only difference between the gene arrangement in the tRNA/5S rRN A clusters of M. voltae and M. vannielii is that just the tR N A Lys and the tR N A Asp gene sequence is tandemly repeated in the operon of M. vannielii [7] . It is interesting to note that the tR N A Pro gene, as in M. vannielii [7] , seems to encode the 3' terminal CC A end in the D N A structure. Since the homology is very low outside of the coding regions this conser vation clearly indicates that this CCA is indeed tran scribed into the mature tR N A structure. This is in contrast to tRN A genes sequenced so far from other archaebacteria (for review see [2 0 
]). 55 rRNA genes
There is high sequence heterogeneity between the rRN A operon-linked and the "extra" 5S rRN A genes of M. vannielii [7, 21] . They differ in no less than 13 positions. Such a degree of heterogeneity in rRN A genes of a single organism is unique for pro caryotes but has been reported for some eukaryotic systems (for review see [2 2 
]).
To extend this analysis to the two types of 5S rRN A genes in M. voltae, the operon-linked 5S rRN A gene of pS2 was subcloned into plasmid vector pUC18 using a Seal restriction site; the sequence of the cloned operon-linked 5S rRN A gene was deter mined.
As shown in Fig. 4a , the 5S rRN A genes of M. voltae also display considerable sequence poly morphism. The "extra" 5S rRN A gene diverges from that of the rRN A operon-linked one in eleven posi tions (Fig. 4a, 4b) . None of these differences results in an altered secondary structure (Fig. 4 a) .
As shown in Fig. 4b and 4c , the sequences of the operon-linked 5S rRN A genes on one hand and of the "extra" 5 S rRN A genes on the other are highly conserved in the two species. Fig. 4c demonstrates the unusual fact that the two types of 5S rRN A genes in one organism (the operon-linked 5S rRN A gene and the "extra" 5S rRN A gene) are less related to each other than the respective 5S rRN A gene types in the two organisms.
There are several conclusions which can be drawn from this observation:
(i) The different relative ratio of operon-linked and "extra" 5S rRN A gene copies, one operon-linked and two "extra" 5S rRN A genes in M. voltae versus four operon-linked and one "extra" 5S rRN A gene in M. vannielii, suggests that the products of both 5S rR N A gene types, despite of the consider able differences in primary structure, are functional ly equivalent.
(ii) All operon-linked 5S rRN A genes of M. van nielii have an identical sequence [19] . Since the prod ucts of both types of 5 S rRN A genes are functionally equivalent the conservation of the operon-linked 5S genes is not due to biological pressure on the primary structure but to an rRN A operon specific mecha nism, e.g. randomization of mutations by recombina tion events.
(iii) The relationship between the different gene types suggests that they must have evolved in an ancestral methanogen before division into the two species by duplication of an ancestral 5 S rR N A gene and divergent development, or by horizontal gene transfer.
(iv) The surprisingly high sequence heterogeneity of 5S rR N A genes in a single organism restricts the value of phylogenetic trees based on 5S rRN A, espe- Fig. 3 . Sequence of the tRNA/5S rRNA gene cluster of M. voltae. Regions coding for tRNA and for 5S rRNA genes are boxed. The amino acid specificities of the tRNAs are given above the sequence. Dots indicate positions in the tRNA nucleotide sequences which differ from the sequences of the equivalent genes in M. vannielii [7] . The anticodon triplet of each tRNA is underlined. Two sequence boxes which are homologous to the putative promoter consensus sequence of stable RNA genes from M. vannielii [23] daily when sequences are compared between organ isms possessing different copy numbers of these genes.
Intercistronic spacers
The tR N A genes and the 5S rRN A genes encoded by pSl are organized in an identical transcriptional orientation and they are separated by only short spacers (Fig. 5) . Whereas the coding regions are highly homologous the spacer regions differ both in length and nucleotide sequence. Where conserved features are present within the spacers they are con sidered to possess a biological functions:
(i) Two homology boxes are present in the 5' flanking regions. These conserved sequence motifs meet the consensus sequence of the promotor postu lated for transcription of stable rRN A genes in Methanococcus [20, 23] . The se quence of the tRN A Lys-5S rRNA-tRNAAsp gene block which is tandemly repeated is underlined.
(ii) The secondary structure of the putative 5S rRN A /tRN A transcript tends to separate the mature tR N A sequences by stem/loop structures (Fig. 5) . Similar potential recognition sites for tR N A process ing have been found for many procaryotic systems (for review see [2 0 
]).
(iii) The tRN A and 5S rRN A gene flanking re gions in M. voltae and in M. vannielii share a high A -T content but otherwise very low homology. Nevertheless, a short conserved sequence motif seems noteworthy: the coding sequences for tR N A Asp, which are part of the repeated sequence blocks in the M. voltae tRNA/5S rR N A cluster and in the M. vannielii cluster are followed in each of the four examples by a conserved sequence of four bases, namely 5 CTTT3. Homology drops down im mediately after this four-base-motif. An identical se quence was found surrounding the tR N A Ala gene, which is located within the 16 S-23 S rRN A gene spacer in M. vannielii and was thought to participate in processing of this tR N A gene [21] .
